The ryanodine receptor complex (RyR), a large oligomeric assembly that functions as a Ca# + -release channel in the sarcoplasmic reticulum (SR)\endoplasmic reticulum (ER), comprises four RyR subunits and four FK506-binding proteins (FKBP). The precise mode of interaction and modulation of the cardiac RyR (RyR2) channel by FKBP12\FKBP12.6 remains to be fully defined. We have generated a series of Chinese-hamster ovary (CHO) cell lines stably expressing discrete levels of recombinant human RyR2 (hRyR2) (CHO hRyR# ). Confocal microscopy of CHO hRyR# cells co-expressing either FKBP12 or FKBP12.6 demonstrated that FKBP12.6 was sequestered from the cytoplasm to ER membranes as the cellular levels of hRyR2 increased. There was negligible hRyR2-induced subcellular redistribution of FKBP12. The magnitude of Ca# + release in CHO hRyR# cells in response to stimulation by 4-chloro-m-cresol was in direct proportion to the expression levels of hRyR2. However, in
INTRODUCTION
Calcium release from the endoplasmic reticulum (ER)\sarco-plasmic reticulum (SR) mediated by the ryanodine-sensitive calcium-release channel [ryanodine receptor complex (RyR)] is involved in controlling many cellular processes, including muscle contraction, gene regulation, protein synthesis, apoptosis and memory formation [1] . Three widely expressed isoforms (RyR1-3 ; RyR1, skeletal-muscle RyR ; RyR2, cardiac RyR ; RyR3, brain RyR) have been cloned and characterized and all exist as large tetrameric assemblies of RyR subunits (" 560 kDa) with the N-terminal approx. 80 % of the molecule orientated in the cytoplasm and the C-terminal approx. 20 % forming the membrane-spanning Ca# + -conducting pore. RyR channel function is subject to exquisite levels of modulation via diverse mechanisms, including interaction with accessory proteins [2] [3] [4] , endogenous small molecule effectors [5] , intramolecular interactions [6] , the specific arrangement of individual RyR units in the ER\SR membrane [7] , covalent modification [8, 9] and intracellular redox state [10] . Insight into the specific roles of RyR isoforms has been provided by gene ablation studies [11] [12] [13] , and the embryonic lethality of RyR2 −/− mice highlighted the fundamental importance of RyR2 in early mammalian development [13] . More specifically, its critical role in cardiac function was demonstrated by the recent identification of a number of mutations in the human RyR2 (hRyR2) gene that appear to underlie catecholaminergic polymorphic ventricular tachycardia [14, 15] and the findings that the RyR2 gene locus has been linked with right ventricular hypertrophy and pulmonary hypertension [16] .
Co-ordinated calcium release events (sparks) arising from RyR2 activity underpins cardiac-muscle contraction, and defective regulation of RyR2 is implicated in heart failure [17, 18] . In particular, defective interaction between RyR2 and FKBP12.6 (FK506-binding protein 12.6) appears to be a key factor in the pathogenesis of heart failure [17, 19] . Whereas RyR1 function is modulated only by the FKBP12 isoform, experimental techniques including affinity purification [20] , protein exchange [21] and sitedirected mutational analysis [22] have suggested that FKBP12.6 selectively interacts with and modulates RyR2. However, these in itro studies have not directly addressed the specific functional role for the RyR2 : FKBP12.6 interaction. Confocal microscopy of rat ventricular myocytes demonstrated that the duration and amplitude of Ca# + sparks were altered by treatment of cells with rapamycin [23] , a reagent that effectively disrupts the FKBP interaction with RyR [24] . However, this study did not address the specificity of interaction of FKBP12 or FKBP12.6 with RyR. Several other studies have raised questions as to the isoform specificity of the FKBP interaction with RyR2. No skeletalmuscle abnormalities were found in mice deficient in FKBP12, which had normal expression of FKBP12.6 [25] . Surprisingly, these FKBP12 −/− mice displayed severe dilated cardiomyopathy, and a functional analysis of purified cardiac SR membranes from these animals revealed that the RyR2 channels were destabilized in the absence of FKBP12, although these observations may be indicative of abnormal cardiac development [25] . It has also been reported that RyR2 channel function was not altered after FKBP12.6 removal from purified canine cardiac microsomes [26] and that in membranes isolated from several species, RyR2 interacted with both FKBP12 and FKBP12.6 [27] . Intriguingly, a recent study demonstrated that dysregulated Ca# + release in both male and female FKBP12.6-ablated mice was only associated with abnormal phenotype (cardiac hypertrophy) in male animals [28] .
Thus owing to the conflicting nature of the published ' in itro ' data, and the lack of detailed insight as to the functional role of FKBP binding on molecular events underlying RyR2-mediated Ca# + release in a cellular context, we employed a cell-based strategy to (i) achieve the requisite intracellular conditions permitting bona fide FKBP : RyR interaction and (ii) determine a specific functional role of FKBP12.6 or FKBP12 interaction with recombinant hRyR2 on Ca# + handling in situ, separated from the accepted limitations of in itro methodologies. Chinesehamster ovary (CHO) cell lines stably expressing discrete levels of hRyR2 (CHO hRyR# ) were co-transfected with either FKBP12 or FKBP12.6 to analyse more precisely the FKBP : RyR proteinprotein interactions occurring in situ and the functional impact of these interactions on intracellular Ca# + handling. Our results suggest that in living cells, FKBP12 does not associate with hRyR2 and has no effect on the Ca# + -releasing functionality of the channel. In contrast, however, a functional interaction between hRyR2 and FKBP12.6 was observed that critically modulated the agonist-stimulated Ca# + -release capability of hRyR2 and profoundly altered the Ca# + -handling capacity of the cells.
EXPERIMENTAL

Construction of cDNA encoding full-length hRyR2
Overlapping cDNA clones comprising the complete coding sequence of the hRyR2 [29] were assembled to create a single cDNA encoding the entire open reading frame (ORF) of hRyR2. The cDNA fragments were manipulated in pBluescript (Stratagene, Cambridge, U.K.) using Epicurian Coli TM XL1-Blue (Stratagene) as hosts. The subcloning strategy is shown in Figure 1 . A 17 bp insert identified in HC9 [29] was deleted by PCR before the incorporation of HC9 into HC12. All restriction enzyme boundaries were verified by automated sequencing. The complete cDNA sequence (k121 to k15335 bp) created by the ligation of HC16 and HC12 was transferred into pcDNA3 (Invitrogen, Paisley, U.K.) using NotI-XhoI restriction sites generating plasmid pcDNA3\hRyR2 encoding the hRyR2 ORF (14904 bp). Plasmid pcDNA3\hRyR2 was propagated using Epicurian Coli TM XL-10Gold (Stratagene) at 30 mC for 18 h. Large-scale isolation of pcDNA3\hRyR2 was done using the Wizard Purefection system (Promega, Chilworth, Southampton, U.K.) and plasmid DNA was verified by restriction enzyme mapping. pcDNA3\hRyR2 was stored as single-use aliquots at k80 mC.
Cloning of cDNA encoding human FKBP12 and FKBP12.6 cDNAs corresponding to the ORFs of human FKBP12 and FKBP12.6 were amplified from an adult human cardiac cDNA library (Clontech) using Pfu polymerase and the following oligonucleotide pairs : hFKBP12F (TAGCCGCCATGGGAGT-GCAGGTGGA)\hFKBP12R (AGTACTCGAGGAGGCCA-TTCCTGTCA) and hFKBP12.6F (TAGGATCCGTGGGAC-CGCTATGGGCGT)\hFKBP12.6R (GATGCTCGAGTTCC-TTCCTGCCTTCA) (underlining represents restriction sites) and were subcloned into pCR3 (Invitrogen).
Expression of hRyR2, FKBP12 and FKBP12.6 and generation of CHO hRyR2 cell lines
CHO cells were propagated in nutrient Ham's F-12 media, supplemented with 10 % (v\v) foetal calf serum, penicillin\ streptomycin (100 units\ml and 100 µg\ml respectively) and amphotericin B (2.5 µg\ml). Cells at approx. 80-90 % confluency were transfected with plasmids encoding hRyR2, FKBP12 or FKBP12.6 using Lipofectamine2000 according to the manufacturer's instructions (Life Technologies, Basel, Switzerland).
To select CHO hRyR# cells, cells (" 6i10') were seeded into 10i75 cm# flasks in media containing G418 sulphate (500 µg\ml) 48 h post-transfection. After generation of individual colonies (2-3 weeks), cells were serially diluted and individual clones (62 in total) were propagated (6-8 weeks) and assayed for expression of hRyR2 recombinant protein by immunoblotting and by functional Ca# + release in response to 10 mM caffeine and 1 mM 4-chloro-m-cresol (4-CMC) as described below.
Confocal detection of recombinant hRyR2, FKBP12 and FKBP12.6
Cells expressing hRyR2, FKBP12 or FKBP12.6 on glass coverslips (4i10& cells\22 mm#) were washed in PBS (140 mM NaCl\2.7 mM KCl\10 mM Na # HPO % \2 mM NaH # PO % ; pH 7.4), fixed in paraformaldehyde [4 % (v\v) For non-antibody labelling of expressed hRyR2, a fluorescent derivative of ryanodine, BODIPY2-FL-X-ryanodine (10 µM ; Molecular Probes, Leiden, The Netherlands) was used. Cells were viewed on a Leitz TCS4D confocal microscope (Leica, Milton Keynes, U.K.) and image acquisition (1024i1024 pixel resolution) was controlled using Scanware software (Leica).
Immunoblotting analysis of recombinant hRyR2, FKBP12 and FKBP12.6 To negate the reported effects that detergents, high-speed centrifugation and temperature disrupt the interaction between RyR and FKBP [2, 31, 32] , microsomal fractions were prepared from cells using a detergent-free protocol and low-speed centrifugation ; all steps were performed at 4 mC. Cells (" 5i10') were pelleted and resuspended in 500 µl of hypo-osmotic buffer (20 mM Tris\HCl, 1 mM EDTA, pH 7.4) supplemented with complete protease inhibitor cocktail (Roche, East Sussex, U.K.). Cells were homogenized through a needle (26 G) and were lysed using freeze-thaw-waterbath sonication with the waterbath maintained at 4 mC. Nuclei were removed by centrifugation (1500 g, 20 min) and the post-nuclear supernatant (containing membrane Regulation of ryanodine receptors by FKBP12.6
Figure 1 Construction of full-length hRyR2 cDNA
Overlapping cDNA clones (HC1-HC10) encoding the ORF of hRyR2 previously isolated from adult human cardiac cDNA library [29] were sequentially ligated to produce a full-length plasmid. The strategy focussed on extending the N-terminus of hRyR2 (HC11, HC13-HC16), which minimized the number of bacterial propagative stages, involving the more cytotoxic C-terminal approx. 20 % of the molecule (HC12). The final ligation of HC16 and HC12 created a single cDNA construct encoding full-length hRyR2 (14904 bp, 4967 amino acids).
and soluble fractions) was concentrated to approx. 50 µl by vacuum centrifugation (Savant, Farmingdale, NY, U.S.A.). Proteins (100 µg) were denatured for 30 min at 42 mC in loading buffer [0.1 M Tris\HCl (pH 6.8)\2 % (w\v) SDS\2 % (w\v) 2-mercaptoethanol\10 % (v\v) glycerol\50 µg\ml Bromophenol Blue], and SDS\PAGE was performed as described previously [29] using 4 % (v\v) and 20 % (v\v) acrylamide to separate RyR and FKBP samples respectively.
In some experiments, microsomal fractions were obtained from the post-nuclear supernatant (see above) by centrifugation at 20 000 g for 1 h at 4 mC. Pellets were resuspended in buffer (0.1 M Tris\HCl, pH 7) and in some experiments, rapamycin (5 µM ; 30 min) was added to disrupt FKBP interaction with recombinant hRyR2\endogenous inositol 1,4,5-trisphosphate receptor (IP $ R). After SDS-gel [4 % (v\v) acrylamide] electrophoresis, the gel was cut at approximately the 78 kDa marker (Bio-Rad Laboratories) and the upper portion (proteins 78 kDa) was transferred on to Immobilon-P (PVDF) membrane (Millipore, Watford, Herts., U.K.) as described previously [29] . The lower portion of the gel ( 78 kDa) was transferred on to Immobilon-P membrane for 1 h at 400 mA. Membranes were blocked with 5 % (w\v) non-fat dried milk and were incubated with pAb129 ( 78 kDa) and pAbN-19 ( 78 kDa) for 1 h at 23 mC. Membranes were incubated with donkey anti-rabbit (antiRyR) or rabbit anti-goat (anti-FKBP) antibodies conjugated with horseradish peroxidase, and blots were developed using chemiluminescence (SuperSignal ; Pierce, Rockford, IL, U.S.A.).
Densitometric analysis (meanspS.E.M.) of developed blots was performed using a densitometric scanner (GS-700 ; Bio-Rad Laboratories) and Quantity One software (Bio-Rad Laboratories).
Fluorimetric analysis of CHO hRyR2 cells
Cells were resuspended in Krebs-Ringer-Hepes buffer (KRHj Ca# + : 120 mM NaCl\25 mM Hepes\4.8 mM KCl\1.2 mM KH # PO % \1.2 mM MgSO % \5.5 mM glucose\1.3 mM CaCl # ; pH 7.4), containing 4 µM fura 2 acetoxymethyl ester (fura 2\AM ; Molecular Probes) for 45 min at room temperature (23 mC). Immediately before fluorimetric measurements, cells were resuspended (5i10& cells\ml) in prewarmed KRH-Ca# + buffer containing nominal free Ca# + (CaCl # replaced with 1 mM EGTA) and transferred to a cuvette continuously stirred at 37 mC (LS-50B ; PerkinElmer, Warrrington, Cheshire, U.K.). Basal fluorescence levels were measured for 300 s before addition of 4-CMC (1 µM-10 mM), caffeine (10 mM) or thapsigargin (5 µM). For procedures in which FKBP : RyR interaction was disrupted, cells were incubated in KRH containing 5 µM rapamycin (Calbiochem) for 30 min before the start of experiments and for the duration of the experiments. Fluorescence data were converted into [Ca# + ] as described previously [33] .
To estimate intra-ER Ca# + storage capacity, thapsigargin (5 µM) was added to CHO WT (WT is wild-type) and CHO hRyR# cells maintained in KRH-Ca# + and the total area under the curve was used to estimate relative ER Ca# + content after the initial thapsigargin-induced efflux of Ca# + . In some experiments, FKBP : RyR interaction was disrupted using rapamycin (5 µM) as described above.
Determination of SR/ER Ca 2T -ATPase (SERCA) protein levels and ATPase activity in CHO hRyR2 cells
Post-nuclear supernatant (100 µg) was prepared as described above and immunoblotted for the SERCA using mAb2A7-A1 (Affinity Bioreagents, Golden, CO, U.S.A.). To determine the Ca# + -dependent ATPase activity of SERCA, microsomal fractions were prepared from CHO WT and CHO hRyR# as described previously [34] , and the activity of SERCA was determined using the coupled enzyme reaction method of Chu et al. [35] . Briefly, membranes (50 µg\ml) were incubated in reaction buffer (21 mM Mops\5 mM sodium azide\100 mM KCl\3 mM MgCl # \1 mM phosphoenolpyruvate\0.2 mM NADH\8.4 units pyruvate kinase\12 units lactate dehydrogenase\50 µM CaCl # ) and reactions were started by the addition of ATP (1 mM). The oxidation of NADH was continuously monitored by decreased absorbance at 340 nm (PerkinElmer MBA2000) and was used to calculate Ca# + -dependent ATPase activity as described previously [35] .
RESULTS
Plasmid pcDNA3\hRyR2 encoding the full-length hRyR2 ORF of 4967 residues was constructed by sequential ligation of appropriate cDNA fragments (Figure 1 ), and the contiguous ORF was verified by automated sequencing and restriction enzyme mapping. Bona fide plasmid pcDNA3\hRyR2 (20.86 kb) was only consistently propagated using XL-10Gold bacterial strains grown at 30 mC for 18 h. Plasmid pcDNA3\hRyR2 purified from several other commercially available Escherichia coli strains (DH5α, TOP10Fh and JM109) gave aberrant restriction digest patterns irrespective of culture temperature (25-37 mC), duration of culture (15-20 h) or culture medium (Luria-Bertani broth, Terrific broth, NZY). Resin-based plasmid DNA purification procedures were associated with significant degradation of the recombinant DNA (results not shown) and thus particlebased purification systems (see the Experimental section) were required for the isolation of intact pcDNA3\hRyR2.
Endogenous RyR isoforms were not detected in CHO WT cells by immunofluorescence analysis using a pan-RyR antibody (pAb-2160 ; Figure 2A ) or a fluorescent derivative of ryanodine, BODIPY2-FL-X-ryanodine ( Figure 2B ). This concurred with previous screening demonstrating a lack of endogenous RyR expression in CHO cells [36] . An antibody raised against the Nterminal 19 residues of FKBP12 which recognizes both FKBP12 and FKBP12.6 showed that CHO WT cells expressed low levels of FKBP12\12.6, which was homogeneously distributed throughout the cytosol, with no evidence of membrane localization ( Figure 2C ). After transfection of CHO cells with pcDNA3\ hRyR2, recombinant hRyR2 was abundantly expressed and was detected using an isoform-specific anti-RyR2 antibody (pAb-129 ; Figure 2D ). The intracellular patterning of hRyR2 displayed a reticular lattice-like distribution that was consistent with ER morphology determined using antibodies raised against calreticulin, an ER-resident protein ( Figure 2F ). The localization of recombinant hRyR2 protein was also verified using several other antibodies raised against distinct RyR2-specific epitopes (results not shown). Ryanodine binding is critically dependent on the proper folding of RyR and formation of the Ca# + -releasing pore. Importantly, recombinant hRyR2 was detected using BODIPY2-FL-X-ryanodine ( Figure 2E ), indicating correct organization of
Figure 2 Subcellular localization of recombinant hRyR2, FKBP12 and FKBP12.6 in transfected CHO cells
The endogenous expression status of RyR isoforms in CHO WT cells was determined using a panRyR polyclonal antibody (pAb2160) (A) and BODIPY2-FL-X-ryanodine (B). The intracellular localization of endogenous FKBP12/FKBP12.6 in CHO WT cells was determined using the FKBP12/12.6-specific antibody pAbN-19 (C). The subcellular localization of recombinant hRyR2 was detected using an RyR2-specific antibody, pAb-129 (D) and also with BODIPY2-FL-Xryanodine (E). Immunostaining of endogenous calreticulin was used to visualize the distribution of the ER network within CHO cells (F). Recombinant human FKBP12 (G) and FKBP12.6 (H) were localized to the cytoplasm. Fluorescent signals due to non-specific binding of fluorescently conjugated antibodies are shown (I). Scale bar represents 50 µm (A-C) and 10 µm (D-I).
the recombinant protein into intact tetramers. Immunolocalization of recombinant FKBP12 ( Figure 2G ) or FKBP12.6 ( Figure 2H ) in CHO cells produced diffuse cytoplasmic localization with no evidence for membrane localization of either FKBP12 or FKBP12.6. Staining of CHO cells transfected with vector alone (pCR3) suggested negligible fluorescent signal attributable to non-specific binding of secondary antibodies ( Figure 2I ).
In accordance with the immunofluorescence data (Figure 2 ), immunoblot analysis of CHO WT failed to detect endogenous RyR expression ( Figure 3A, lane 4) . In contrast, three clonally derived CHO cells stably transfected with hRyR2 (CHO T $.#, CHO T $."" and CHO T $.#! and collectively referred to as CHO hRyR# ) were found to express discrete levels of hRyR2 protein of the predicted size (" 560 kDa ; Figure 3A, lanes 1-3) . Relative levels of hRyR2 expression in these transfected cells was determined by densitometry of the approx. 560 kDa band, indicating a normalized rank order of CHO
. From measurement of relative mobility on immunoblots, the predominant form of FKBP constitutively expressed in both CHO WT and CHO hRyR# was FKBP12, and expression of recombinant hRyR2 did not alter the endogenous levels of FKBP12 in these cells ( Figure 3A,  lanes 1-4) . Consistent with previous reports [25, 27] , FKBP12.6 was essentially undetectable in post-nuclear fractions CHO WT and CHO hRyR# ( Figure 3A, lanes 1-4) and was present only in low abundance in cardiac microsomes ( Figure 3A, lane 5) . In CHO cells, homoeostatic Ca# + signalling events are dependent on Regulation of ryanodine receptors by FKBP12.6 inositol 1,4,5-trisphosphate-linked mechanisms [37] and in concert with this, IP $ R was readily detected in immunoblots of both CHO WT and CHO hRyR# (using anti-IP $ R antibody pAb-40 [38] 3) were similar to that determined in CHO WT (1.00 ; lane 4) and confirmed that IP $ R expression was independent of hRyR2 expression levels in CHO hRyR# ( Figure 3A) . Similarly, CHO WT abundantly express the ER Ca# + -ATPase, the levels of which were unaltered after expression of hRyR2 in CHO T $.# (0.91p0.13), CHO T $."" (0.85p0.16) and CHO T $.#! (1.13p0.12) when compared with CHO WT (1.00).
Transient transfection of FKBP12.6 and FKBP12 plasmids in CHO hRyR# resulted in a high expression level of recombinant FKBP protein ( Figure 3B , upper and lower panels respectively, lanes 1-3). No significant difference was observed between the CHO T $.#, CHO T $."" and CHO T $.#! cell populations in their relative expression levels of either FKBP12.6 or FKBP12 ( Figure  3B) . Similarly, the relative levels of recombinant hRyR2 in the various CHO hRyR# cells transiently co-expressing FKBP12.6 or FKBP12 were not altered (results not shown) when compared with the CHO hRyR# cells alone ( Figure 3A, top panel) . Thus the amount of exogenous FKBP12.6 or FKBP12 present in these cells was not dependent on the level of recombinant hRyR2 expression and vice versa ( Figure 3B) .
We compared the relative amounts of hRyR2 and FKBP that were associated specifically with membrane fractions (100 µg) isolated from the CHO hRyR# cells using mild conditions (see the Experimental section) and cardiac muscle. In cardiac microsomes ( Figure 3C , lane 5), the RyR2 : FKBP ratio was consistently low, due to the relatively high levels of FKBP expression in the heart [21] . In contrast, the RyR2 : FKBP ratio in CHO hRyR# cells was high ( Figure 3C , lanes 2-4) in simultaneous comparisons performed under identical conditions and was similar to that observed in CHO WT cells ( Figure 3C, lane 1) . This observation in CHO hRyR# cells suggests that most of the recombinant hRyR2 may not be associated with the FKBP12 [identified as the endogenously expressed FKBP isoform ( Figure 3A) ] in CHO hRyR# membrane preparations isolated using a protocol that does not disrupt RyR :FKBP interaction [31] . After transfection of the CHO hRyR# cells with FKBP12.6, the hRyR2 :FKBP12.6 ratio in microsomal preparations ( Figure 3D ) approached that seen in cardiac microsomes ( Figure 3C, lane 5) . The association of FKBP12.6 with hRyR2 containing microsomes was completely abolished after addition of rapamycin ( Figure 3D , lower panel), strongly indicative of specific FKBP12.6 : RyR2 protein-protein interaction. Figure 3 (E) indicates that little recombinant FKBP12 was associated with microsomal membranes isolated from CHO hRyR# cells using mild (detergent-free) conditions when compared with membrane fractions obtained from untransfected (RyR-deficient) CHO WT cells ( Figure 3C ). It is important to note that these microsomal fractions contain abundant endogenous IP $ R [39] and that protein-protein interaction between FKBP12 and IP $ R is widely reported [40] [41] [42] [43] [44] . The interaction between FKBP12 and endogenous microsomal IP $ R was also disrupted by rapamycin ( Figure 3E, lower panel) . Thus our results suggest that FKBP12 does not interact spatially (Figures 3 and 4) or functionally ( Figures 5 and 6 ) with hRyR2 and, therefore, the presence of FKBP12 in these microsomal fractions is probably due to tight association of recombinant FKBP12 with endogenous IP $ R. In agreement with the RyR immunoblot data (Figure 3) , immunofluorescent detection using pAb129 showed that the rank order of hRyR2 expression in CHO hRyR# cells was (Figure 4, red pixels) . The transient expression of FKBP12.6 and FKBP12 observed by immunofluorescence (Figure 4 , green pixels) was also consistent with immunoblots ( Figure 3) showing comparable expression levels across the CHO hRyR# cell population. Transfection efficiencies of 80-90 % were routinely achieved for both FKBP12 and FKBP12.6 and thus nearly all cells simultaneously expressed hRyR2 and FKBP12\FKBP12.6. Comparison of their subcellular distribution revealed a striking difference between FKBP12.6 and FKBP12 in CHO hRyR# . Directly overlaying images that were positively stained for hRyR2 (Figure 4 , red pixels) and FKBP12.6 ( Figure 4 , green pixels) generated images in which co-incident staining appears as yellow pixels (Figure 4) . The extent of overlap between hRyR2 and FKBP12.6 increased concomitantly with increasing levels of hRyR2, i.e. increasing co-incident staining of hRyR2 and FKBP12.6 (yellow pixels) followed the pattern of CHO Figures 4A, 4C and 4E and Table 1 ). Since the level of FKBP12.6 and endogenous IP $ R remained unaltered as hRyR2 expression increased ( Figures 3B and 3C) , the increasing level of co-incident staining as a function of increased hRyR2 expression was interpreted as an indicator of in situ association between hRyR2 and FKBP12.6. Rapamycin disrupted the hRyR2 : FKBP12.6 interaction ( Figure 4G and Table 1 ). In contrast, analysis of FKBP12 immunofluorescence did not show any correlation with hRyR2 density ( Figures 4B, 4D and 4F) and subcellular distribution of FKBP12 remained unaltered after exposure to rapamycin ( Figure 4H ). Quantitative analysis of pixel overlap with FKBP12 (Table 1) showed the co-incident staining level, ranging from 30 to 32 %, was independent of increasing hRyR2 levels, with only a small proportion of this being rapamycinsensitive ( Figure 4 and Table 1 ). However, FKBP12.6 co-incident staining ranged from 69 to 52 %, in concert with relative hRyR2 levels, and up to half of this signal was displaced by rapamycin (Table 1) . A persistent basal level of overlapping pixels (20-25 %) could not be diminished by increased dose or time of exposure to rapamycin ( Figure 4 , Table 1 ) and therefore represented the limiting resolution of our system. Only overlapping pixel values of 25 % were considered to be a reliable indicator of bona fide protein-protein association. These results therefore provide in situ evidence that hRyR2 expression in CHO cells can cause significant translocation of FKBP12.6, but not FKBP12, from the cytoplasm to the ER.
Fluorimetric Ca# + release assays were performed to assess whether in situ association of hRyR2 and FKBP isoforms corresponded to altered agonist-induced intracellular Ca# + -
Table 1 hRyR2 induces a subcellular redistribution of FKBP12.6 but not FKBP12, which is rapamycin-sensitive
Co-incident localization of hRyR2 and FKBP12 or FKBP12.6 in CHO hRyR2 is expressed as a percentage of the total intracellular hRyR2 signal (red pixels, Figure 4 ) and FKBP12 or FKBP12.6 signal (green pixels, Figure 4 ) that can be directly overlaid (yellow). Values are obtained from image analysis of at least nine images and are given as meanspS.E.M. release characteristics ( Figure 5 ). Resting [Ca# + ] c was similar in CHO WT , CHO T $.#, CHO T $."" and CHO T $.#! (88p11, 108p15, 103p11 and 94p12 nM respectively ; n l 9), suggesting that expression of hRyR2 did not condition the cells to elevated resting [Ca# + ] c . RyR-mediated release of Ca# + from the ER was triggered by the addition of 1 µM-10 mM 4-CMC, a highly selec-tive and potent agonist of RyR function [45] . CHO WT did not possess a 4-CMC-mobilizable Ca# + store, in agreement with our findings that CHO WT cells do not express RyR (Figures 2 and 3) . The addition of 4-CMC to CHO hRyR# produced, in contrast, a rapid, large and sustained Ca# + release consistent with the expression of exogenous hRyR2 (Figures 5A and 5B) . The sustained elevation of [Ca# + ] c observed after 4-CMC addition to CHO hRyR# ( Figure  5B ) is a characteristic of 4-CMC-induced RyR Ca# + release [46, 47] . The magnitude of 4-CMC-induced Ca# + release in CHO hRyR# was proportional to the expression levels of hRyR2 (Figures 3 and 4) . Maximal RyR-mediated Ca# + mobilization was triggered by the addition of 1 mM 4-CMC to CHO hRyR# ( Figure 5A ), and 1 mM CMC was used to stimulate hRyR2 Ca# + release in subsequent experiments. Our results also indicate that differences in Ca# + homoeostasis observed among CHO T $.#, CHO T $."" and CHO T $.#! cell lines occurs directly as a consequence of differential expression of hRyR2 and not as a consequence of receptor reserve. The lack of effect of 4-CMC in CHO WT cells persisted after expression of FKBP12 or FKBP12.6 ( Figure 5A ). Co-expression of FKBP12 in CHO hRyR# did not alter the dose-response relationship of 4-CMC activation of hRyR2, and FKBP12 had negligible effect on the magnitude of 4-CMC-induced Ca# + release via hRyR2 ( Figures 5A and 5C ). However, after co-expression of FKBP12.6 in CHO hRyR# , there was a dramatic decrease in the amount of Ca# + that could be mobilized via hRyR2 in response to 4-CMC. For example, in CHO T $.# co-expressing FKBP12.6, 4-CMC-triggered maximal [Ca# + ] was 254p41 nM, compared with 720p47 nM in untransfected CHO T $.# ( Figure 5C ). It should be noted that despite significantly decreasing hRyR2 Ca# + release in response to 4-CMC, co-expression of FKBP12.6 in CHO hRyR# cells did not alter the dose-response profile of 4-CMC activation ( Figure  5A ). Rapamycin did not alter resting [Ca# + ] c in CHO WT (94p12 nM) or CHO T $.# (110p16 nM), CHO T $."" (104p 11 nM) or CHO T $.#! (96p9 nM) (n l 9) when compared with untreated controls (see above). However, the marked reduction of Ca# + release in hRyR2 : FKBP12.6-expressing cells was almost completely reversed when the cells were preincubated with rapamycin ( Figures 5B and 5C ). Addition of rapamycin to CHO hRyR# cells co-expressing FKBP12 had little effect on 4-CMC-induced Ca# + release ( Figures 5B and 5C ), strengthening our hypothesis that FKBP12 does not modulate hRyR2 Ca# + release by specific protein-protein interaction. Thus it appeared that FKBP12.6, and not FKBP12, specifically modulated hRyR2 Ca# + release via a rapamycin-sensitive interaction, but the mechanism of FKBP12.6 action on agonist-stimulated hRyR2 was unlikely to be due to FKBP12.6 altering the potency of 4-CMC activation of hRyR2. These results demonstrate a rapamycin-sensitive functional specificity of hRyR2 for the FKBP12.6 isoform in the regulation of Ca# + store release, which may explain the molecular events underlying the phenotypic alterations in FKBP12.6 −/− animals [28] .
FKBP isoform Rapamycin
It was important to demonstrate clearly that the FKBP12.6-mediated inhibition of hRyR2 Ca# + release in situ ( Figure 5 ) was indeed due to bona fide hRyR2 : FKBP12.6 protein-protein interaction and did not simply reflect an RyR-independent effect of FKBP12.6 on ER Ca# + status. The ER Ca# + content in CHO hRyR# cells or in those expressing FKBP12.6 or FKBP12, was estimated using thapsigargin, a reagent that can deplete ER Ca# + pools. Interestingly, there was a marked increase in the Ca# + content of the ER in all CHO hRyR# when compared with CHO WT (Figure 6 , unfilled bars) and this increase in ER Ca# + load was proportional to the amount of hRyR2 expressed, i.e. Ca# + load CHO Figure 6B , unfilled bars) was markedly augmented by only small increases in RyR2 expression levels ( Figure 3A) . Co-expression of FKBP12 had negligible effect on the ER Ca# + store in CHO hRyR# cells, but importantly, the ER Ca# + content was greatly augmented upon co-expression of FKBP12.6 ( Figures  6A and 6B ). This surprising result indicated that the inhibitory interaction of FKBP12.6 with hRyR2 (i.e. decreased hRyR2-mediated Ca# + release in response to 4-CMC) was definitely not underpinned by a general reduction in ER Ca# + load but was in fact associated with a markedly increased ER Ca# + capacity. Thus despite the superloading of ER Ca# + after expression of FKBP12.6 in CHO hRyR# cells, this store could not be released by hRyR2 in response to agonist. As described above, basal [Ca# + ] c was not significantly different in CHO hRyR# cells when compared with CHO WT , suggesting that increased ER Ca# + storage capacity as a consequence of hRyR2 overexpression does not condition the cell to increased cytoplasmic [Ca# + ] c .
After incubation of CHO WT , CHO hRyR# and CHO hRyR# expressing FKBP12 with rapamycin, there was no change in the magnitude of thapsigargin-induced Ca# + mobilization when compared with untreated cells ( Figure 6B , filled bars). In contrast, exposure of cells expressing hRyR2\FKBP12.6 to rapamycin significantly decreased the thapsigargin-releaseable ER Ca# + component ( Figure 6B ). This suggests that the greatly increased ER Ca# + capacity in CHO hRyR# cells co-expressing FKBP12.6 is probably due to the direct interaction between hRyR2 and FKBP12.6.
Despite similar expression levels of SERCA protein in CHO WT and CHO hRyR# ( Figure 3A ), we determined a significant increase in SERCA activity in CHO hRyR# cells (when compared with CHO WT ), the magnitude of which was proportional to the expression levels of hRyR2 in each cell type ( Figure 6C ). This result strongly suggests that increased ER Ca# + sequestration in CHO hRyR# is mediated by an associated up-regulation of SERCA activity. Co-expression of FKBP12 or FKBP12.6 had negligible effect on SERCA activity in either CHO WT or CHO hRyR# ( Figure  6C ), indicating that the marked augmentation in ER Ca# + store in CHO hRyR# after FKBP12.6 expression ( Figure 6B ) was not associated with a concomitant increase in SERCA activity, indicating that FKBP12.6-mediated superfilling of the ER Ca# + involved other modes of cellular Ca# + sequestration, which remain to be defined.
DISCUSSION
We have, for the first time, expressed the recombinant hRyR2 and demonstrated that it is modulated by interaction with FKBP12.6, which directly regulates Ca# + handling in living CHO hRyR# cells. Full-length recombinant hRyR2 was expressed as an approx. 560 kDa protein, correctly targeted to the ER compartment, folded correctly as determined by in situ binding of anti-RyR2 antibodies and fluorescently labelled ryanodine, and formed functional Ca# + release channels in transfected CHO cells. We isolated cell lines (CHO T $.#, CHO T $."" and CHO T $.#!) stably expressing discrete levels of hRyR2, which released Ca# + in response to the agonist 4-CMC, the extent of which was proportional to the expression levels of recombinant hRyR2. However, despite several attempts, we did not succeed in isolating a viable cell line that overexpressed high levels of hRyR2, suggesting that increased expression of RyR2 is associated with greater cytotoxicity than that seen with either RyR1 or RyR3 [48, 49] . The instability of the permanently expressed rabbit RyR2, which resulted in gross degradation of the recombinant channel in many clonally selected cell lines [50] , was probably associated with its high-level expression and was not seen in our experiments.
We investigated the in situ association of hRyR2 with FKBP12.6\FKBP12 in intact CHO hRyR# cells and studied the effect of any protein-protein association on cellular Ca# + homoeostasis. Increased cellular redistribution from the cytoplasm to the ER compartments of the cell was observed with FKBP12.6 (but not FKBP12) as the expression levels of hRyR2 increased. This hRyR2-dependent membrane sequestration of FKBP12.6 was reversed by treatment of cells with rapamycin, indicating that our observations in situ were indeed due to bona fide protein-protein interactions. The finding that there was similar association of FKBP12 with microsomal fractions obtained from CHO hRyR# or RyR-deficient CHO WT cells (Figures 3C and 3E ) strongly indicated that FKBP12 association with these fractions was due to its interaction with abundant endogenous IP $ R, an interaction that is widely published [40] [41] [42] [43] [44] . Calcium release assays showed that co-expression of FKBP12 had no measurable effect on hRyR2-mediated Ca# + release, whereas the association between hRyR2 and FKBP12.6 markedly decreased 4-CMCtriggered ER Ca# + release ( Figure 5 ). These findings are in agreement with previous results obtained using in itro techniques to determine the specificity of RyR2 : FKBP12.6 association [21, 51] but significantly extend them by showing that in a cellular context, the interaction occurs dynamically, is modified by their relative expression levels and results in physiologically relevant alteration of intracellular Ca# + handling. Although our results, which were obtained using a non-native CHO cell system, indicated that hRyR2-mediated Ca# + release is not modulated by FKBP12, we cannot exclude the possibility that in cardiac muscle (where FKBP12 expression levels are significantly higher than FKBP12.6 [25] ) other RyR2 functions, including the spatial co-ordination of macromolecular complexes [52] , are regulated by FKBP12.
In the diseased and failing heart, RyR2 channels are made ' leaky ' by decreased binding of FKBP12.6 [17, 19] and our results showing that FKBP12.6 suppressed hRyR2-mediated Ca# + release are entirely consistent with this model. Overexpression of hRyR2 proportionately augmented agonist-stimulated Ca# + release ( Figure 5 ) and the ER Ca# + store (by increased ER Ca# + sequestration capacity after up-regulation of SERCA activity) (Figure 6 ), but this increased Ca# + release and sequestration capacity of CHO hRyR# cells did not condition the cell to increased resting [Ca# + ] c . Thus the finding that similar resting [Ca# + ] c were determined in CHO hRyR# and CHO WT ( Figure 5 and relevant text) suggests that in resting CHO hRyR# cells, increased ER Ca# + release (presumably via hRyR2) is compensated for by increased ER Ca# + sequestration via proportionately up-regulated SERCA activity. Although we accept that our heterologous expression system may lack factors implicated in RyR2 regulation in i o [40] , this finding that overexpression of hRyR2 did not lead to persistent elevations in resting [Ca# + ] c , in agreement with other studies in which ablation of FKBP : RyR interaction did not alter resting [Ca# + ] c [23, 53] , suggests that hRyR2 is subject to a degree of innate regulation that suppresses potentially damaging sustained increases in [Ca# + ] c in CHO hRyR# cells.
Our findings regarding the effects of co-expression of FKBP12.6 in CHO hRyR# were intriguing. FKBP12.6 co-expression decreased agonist-induced Ca# + release via hRyR2 ( Figure  5 ), in agreement with the inhibitory nature of FKBP12.6 on hRyR2 described in other studies, yet FKBP12.6 expression concomitantly markedly potentiated the overall ER Ca# + capacity of CHO hRyR# cells. Rapamycin antagonized these effects, thereby strongly indicating a role of FKBP12.6 :hRyR2 interaction in these phenomena. Importantly, the rapamycin-sensitive interaction of hRyR2 : FKBP12.6 induced superfilling of the ER Ca# + store which appeared to be independent of up-regulated SERCA activity. Furthermore, our results show that this FKBP12.6 : hRyR2 interaction promoted superfilling of the ER Ca# + store which could not be released after agonist stimulation of hRyR2 using 4-CMC ( Figure 5 ) or caffeine (results not shown). We propose two mechanistic possibilities to explain these observations : (1) FKBP12.6 directly interacts with hRyR2 as a negative regulator of agonist-activated hRyR2-mediated Ca# + release and (2) FKBP12.6 : hRyR2 interaction induces ER Ca# + accumulation (SERCA-independent), which is functionally (and possibly spatially) distinct from the hRyR2-agonist (4-CMC)-sensitive Ca# + pool (SERCA-dependent) pre-existing in CHO hRyR# cells. Further work is clearly necessary to determine more precisely the complex ER Ca# + sequestration and release mechanisms underpinning the altered intracellular Ca# + phenotype in CHO hRyR# cells, but our results strongly indicate that FKBP12.6 has a significant impact on hRyR2-mediated Ca# + handling in CHO hRyR# cells. Our studies also indicate that an intact cell-based approach represents a powerful platform for further understanding the complex modulatory protein-protein interactions underlying intracellular Ca# + signalling.
